An important way of increasing the payload in a reusable launch vehicle (RLV) is to replace heavy metallic materials by lightweight composite laminates. Compared to metallic materials, composite laminates are a relatively new class of materials and therefore require more attention to ensure the safety and reliability when they are used. Among various parts and systems of the RLV, this study focuses on tanks containing cryogenic fuel. Historically, aluminum alloys have been used as the materials to construct fuel tanks for launch vehicles. To replace aluminum alloys with composite laminates or honeycomb materials, engineers have to make sure that the composites are free of defects before, during, and after launch. In addition, the performance of the composite structures needs to be evaluated constantly. In recent years, the impedance-based health monitoring technique has shown its promise in many applications. A major advantage of this technique is that the procedure is nondestructive in nature and does not perturb the properties and performance of the materials and structures. This paper reports the results of applying the impedance-based nondestructive testing technique to the damage identification of composite laminates at cryogenic temperature. These materials have potential application for fuel tanks in future RLV's. Regular and single-crystal piezoceramic sensor/actuators are tested to assess their performance under cryogenic temperature.
INTRODUCTION
One of the important ways of increasing the payload in a reusable launch vehicle (RLV) is to replace heavy metallic materials by lightweight composite laminates. Engineers and scientists have studied many metallic materials thoroughly, due to the long history of practical usage in many aerospace and aeronautical structures. Compared to metallic materials, composite laminates are a relatively new class of materials and therefore require more attention to ensure the safety and reliability when they are used.
Among various parts and systems of the RLV, this project focuses on tanks containing cryogenic fuel. Historically, aluminum alloys have been used as the materials to construct fuel tanks for launch vehicles. To replace aluminum alloys with composite laminates or honeycomb materials, engineers have to make sure that the composites are free of defects before, during, and after launch. In addition to robust design and manufacturing procedures, the performance of the composite structures needs to be monitored constantly.
In recent years, the impedance-based health monitoring technique has shown its promise in many applications. This technique makes use of the special properties of smart piezoelectric materials to identify the change of material properties due to the nucleation and progression of damage. The piezoceramic patch serves as a sensor and an actuator simultaneously. The electro-mechanical impedance approach using smart piezoelectric ceramic transducers having selfactuating and sensing capabilities has shown potential for applications in damage detection in structural systems. Sun characterization on a laboratory-size truss structure and a prototype truss joint, respectively. The damage detection method is based on the principle of electro-mechanical coupling between the host structure and the bonded PZT patch. The structural impedance modifies the effective electrical impedance of the PZT, and the corresponding change in the driving point impedance is used to identify incipient damage in the structure (Giurgiutiu et al. 1999 ). Chang 2001 lists additional references for this approach.
The piezoelectric patch is bonded onto an existing structure or embedded into a new structure and electrically excited at high frequencies. The signature (impedance or admittance) was extracted as a function of the exciting frequency and was compared with the baseline signature for the healthy state. The damage is quantified using root mean square deviation (RMSD) in the impedance signatures with respect to the baseline signature. A major advantage of this technique is that the procedure is nondestructive in nature and does not perturb the properties and performance of the materials and structures.
This study aims at applying the impedance-based nondestructive testing technique to the damage identification of composite laminates at cryogenic temperature. These materials have potential application for fuel tanks in future RLV's. Regular and single-crystal piezoceramic sensor/actuators are tested to assess their performance under cryogenic temperature. Composite laminates attached with piezoceramic patches are submerged into liquid nitrogen and the impedance signatures are taken.
EXPERIMENTAL SETUP
As in Figure 1 , the piezoceramic patch is attached to the test specimen and connected to the impedance analyzer by two wires. A personal computer running LabView program is used to control the impedance analyzer for measurement and data acquisition. Two types of piezoceramic patches were used in this study: regular piezoceramics and single-crystal piezoceramics. The single-crystal piezoceramic can produce higher energy at lower temperature. On the other hand, regular piezoceramic patches are less expensive.
COMPOSITE LAMINATES
In this study, the composite panels tested are 6-ply woven carbon fiber laminates as shown in Figure 2 . Figure 3 
CRYOGENIC ENVIRONMENTS
Both regular and single-crystal piezoceramic patches were tested under cryogenic environments to assess their performance as a transducer. Figure 6 shows the experimental setup including the impedance analyzer for excitation and measurement, laptop computer for control and date acquisition, the test article with piezoceramic patch attached at the corner, and a pan containing liquid nitrogen.
Figure 6 Experimental Setup for Cryogenic Tests Figure 7 Test Article Submerged in Liquid Nitrogen
During the cryogenic tests, the test article was submerged into liquid nitrogen as shown in Figure 7 . Liquid nitrogen has a constant temperature of -318°F. The measurement and data acquisition procedures are controlled by the laptop computer as shown in Figure 6 running the LabView software. Figure 8 shows the impedance measurement for the regular piezoceramic patch tested before, under, and after cryogenic bath. The two curves taken before and after cryogenic bath appear to be good candidates for quantifying the damage index. However, the curve corresponding to the measurement taken when the test article is submerged in liquid nitrogen seems to contain a lot of noise and is not a good candidate for further data analysis. The results for single-crystal piezoceramic patch are shown in Figure 9 . The three curves correspond to impedance measurements taken before, under, and after the test article is submerged in liquid nitrogen. The curve representing the measurement of the test article under cryogenic bath does not appear noisy and should be a good candidate for further data analysis. 
EXPERIMENTAL RESULTS AND DISCUSSION

CONCLUSIONS
This paper demonstrates that impedance-based NDT based on smart piezoceramic materials can be used to identify damage in the laminated composite materials. The laminated composite material is based on woven carbon fibers and can be used to construct the fuel tank for reusable launch vehicles. The fuel tank contains cryogenic liquid. To ensure the safety and reliability of the fuel tank and other part of the airframe in RLV's, a suitable piezoceramic materials needs to be identified to serve as the transducer at cryogenic environments for composite laminates.
Experimental work has been conducted in this study. The results presented in this paper suggest that regular piezoceramic patches may not be suitable for impedance-based structural health monitoring at cryogenic environments as the measurements taken at cryogenic temperature exhibit noise. On the other hand, the single-crystal piezoceramic patch appears to be a possible candidate to serve as an actuator and sensor at cryogenic environments. The authors are conducting an on-going research program to further verify the applicability of the single-crystal piezoceramic patch to serve as the transducer at cryogenic environments.
